Introduction
Many psychiatric and neurological disorders present persistent neuroanatomical abnormalities that contribute to the dysfunction. Loss of forebrain GABAergic inhibition has been implicated in schizophrenia, epilepsy, and autism spectrum disorders [1] [2] [3] . The age of onset of these disorders suggests a developmental origin with disruptions in GABAergic neuron ontogeny as a possible cause. Many forebrain GABAergic interneurons arise subcortically in the developing basal ganglia and migrate to the cerebral cortex, hippocampus, amygdala, and olfactory bulbs [4] [5] [6] [7] or remain in the striatum [8] . GABAergic neuronal ontogeny is regulated by multiple molecules [9] . Any alterations in a single factor have the potential to alter circuitry and function in multiple forebrain regions. However, very few studies have investigated the long-term consequences of early perturbations to GABAergic interneuron ontogeny. It is unknown whether loss of a single gene has global effects or selectively alters one or more interneuron populations. For example, global loss may lead to overall deficits in inhibition, a severe seizure disorder and possibly intellectual disability. On the other hand, specific loss of a cortical region, perhaps the hippocampus, may result in impaired learning and memory, in absence of other effects.
Hepatocyte growth factor/scatter factor (HGF/SF) and its sole receptor, the Met tyrosine kinase, are critical for mediating embryonic cerebral cortical GABAergic interneuron development [10] . Reduced embryonic levels of HGF/SF and Met lead to deficits in cerebral cortical GABAergic interneurons [11] [12] [13] [14] . In particular, transgenic mice lacking urokinase plasminogen activator receptor (Plaur) have lower expression of HGF/SF and Met [10, 13] . The Plaur mice also show a selective loss of GABAergic interneurons in frontal and parietal cortical areas, with no alterations in piriform and occipital regions [10] . These defects in anterior cingulate and parietal cortex are specific for the parvalbumin-expressing (PV + ) GABAergic interneuron subtype, whereas neurons expressing the somatostatin and calretinin markers are unaffected [15] . As the Plaur phenotype was hypothesized to be due to insufficient levels of HGF/SF, we designed a strategy to supplement HGF/SF in postnatal animals. The Gfap-HGF (abbreviated as HGF) mouse expresses HGF/SF in perinatal astrocytes, and when mated with the Plaur mouse, the Plaur/HGF mouse has near normal levels of HGF/SF and restored GABAergic interneuron numbers, especially PV + cell numbers, in parietal regions [13] . We have shown that this strategy also rescues the PV + interneuron losses in the orbital frontal cortex (OFC) and dorsal striatum and eliminates the impaired reversal learning observed in the Plaur mice [16] .
In this study, we investigate the roles of interneurons in medial frontal cortex (MFC) and connected areas of the amygdala and hippocampus. All three areas were examined, as anatomical deficits in more than one area will alter the interpretation of the behavioral outcomes. We used three behavioral paradigms which test the functions of the hippocampus (Morris water maze and contextual fear conditioning), amygdala (cued fear conditioning), and MFC (set-shifting). Fear conditioning investigates rodent Pavlovian learning [17, 18] . Lesion studies demonstrate that the hippocampus (HC), basolateral amygdala (BLA) and medial prefrontal cortex (MFC) participate in the formation and extinction of the cued and contextual memory pairing [19] [20] [21] [22] [23] . The Morris water maze tests how animals navigate by spatial cues, using the HC and striatum [24] [25] [26] . Lastly, attentional set-shifting relies on intact MFC [27, 28] . By using these paradigms in concert, we predicted consistent deficits due to interneuron abnormalities in the MFC and restoration in the presence of HGF/SF.
Materials and methods

Subjects
The B6.129-Tg(Gfap-HGF) Ca (abbreviated as HGF) mouse line was a generous gift from our collaborators (C. Achim, University of San Diego and W. Mars and G. Michalopoulos, University of Pittsburgh). In the HGF line, human HGF is expressed under the control of the mouse glial fibrillary acidic protein (Gfap) promoter by astrocytes. Expression commences around birth and continues at low levels throughout adult life [13] (and unpublished results). The B6.129 -Plaur tm1/Mlg /Plaur tm1/Mlg mouse line (abbreviated as Plaur) lacks the gene that encodes the uPAR (urokinase plasminogen activator receptor) protein (a gift from P. Carmeliet (Center for Transgene Technology and Gene Therapy, Flanders Interuniversity Institute for Biotechnology, KU Leuven, Belgium)) [29] . All lines were maintained as heterozygotes on the C57BL/6 background (>15 generations) using mice purchased from the Jackson Laboratory (Bar Harbor, ME). Mice used for these studies were generated from heterozygous matings of B6.129 -Plaur tm1/Mlg mice with B6.129 -Plaur tm1/Mlg /Tg(Gfap-HGF) Ca to produce: B6.129 (wildtype, WT), B6.129 -Plaur tm1/Mlg /Plaur tm1/Mlg (Plaur), B6.129-Tg(Gfap-HGF) Ca (HGF) and B6.129 -Plaur tm1/Mlg /Plaur tm1/Mlg /Tg(Gfap-HGF) Ca (Plaur/HGF) for experiments, along with B6.129 -Plaur tm1/Mlg /Tg(Gfap-HGF) Ca which were not used experimentally, but were maintained as breeders. Subjects were adult male littermates from at least 4 separate pedigrees. Littermates of multiple genotypes were housed together (4-5 per cage) unless undergoing food deprivation.
All research procedures using mice were approved by the Institutional Animal Care and Use Committee at University of Maryland and conformed to NIH Guide for the Care and Use of Laboratory Animals. The HGF mice were genotyped via PCR using the primer sets: 5 -ggC CAT gAA TTT gAC CTC TAT gAA-3 and 5 -TTC AAC TTC TgA ACA CTg Agg AAT-3 (250 bp) for HGF mice, and 5 -CCT CAT CCT ggg CCT ggT CTg gTC T-3 and 5 -ggT TTT CCC CgC TgT ggT CAT CTg C-3 (200 bp) for PAI-1 as a positive control. For genotyping Plaur mice, the primer sets were: 5 -gAT gAT AgA gAg CTg gAg gTg gTg AC-3 and 5 -CAC Cgg gTC Tgg gCC TgT TgC AgA ggT-3 (145 bp) for Plaur, 5 -ATT gAA gAA gAT ggA TTg CAC-3 and 5 -TTC gTC CAg ATC ATC CTg ATC gAC-3 (500 bp) for neomycin resistant gene.
Immunohistochemistry
The mice were transcardially perfused with buffered 4% paraformaldehyde and the brains were postfixed overnight at 4 • C. Vibratome sections (50 m) were cut and stained using routine laboratory protocols [11, 13] . The sections were incubated with mouse anti-PV antibodies (1:1000, Sigma Chemical Co., St. Louis, MO) for 2 d at 4 • C. Images were obtained by Leica DMRX microscope (Leica Microsystems GmbH, Wetzlar) with Phase One image capture software version 3.04 (Phase One A/S, Frederiksberg, Denmark).
Cell counting and analysis
For each region of interest, the numbers of immunoreactive cells were counted at several anatomical levels by a blinded observer, using the optical fractionator method with the Neurolucida system. An estimate of cell number in each region was calculated using unbiased stereology [30] . All structures were identified using the Paxinos and Franklin atlas [31] . In the hippocampus, cells in the dentate gyrus (DG), CA1, and CA3 regions were counted using at least 6 sections from each brain, each 400 m apart, beginning at bregma level −1.58 mm and extending caudally to −4.00 mm [31] . The PV + cells were also counted in the MFC with three sections between bregma level +2.46 mm and +1.46 mm. For counts in the basal lateral amygdala (BLA), bregma levels between −1.28 mm and −2.12 mm with at least 3 sections counted per mouse. Volume was estimated using the Cavalieri method. Data are provided as mean ± standard error of the mean (SEM), with at least 4 mice for each genotype. The statistical significance among four different genotypes was examined using two-way ANOVA followed by Student-Newman-Keuls (SNK) post hoc analysis (SigmaStat, Systat, San Jose, CA).
Morris water maze
The task was performed in a 33 in. diameter rubber tub (Aquatic Systems) with the water temperature maintained 25 • C, which has been reported as optimal for mice [32, 33] . Water level was 10 cm below the edge of the tub. A 10 cm diameter platform was submerged 0.5 cm below the water line and 15 cm from the edge of the tub. White tempera paint (Crayola) was added to the water to provide sufficient turbidity to obscure the platform. The maze was enclosed by walls and large shapes (circle, triangle, rhombus and star) were used as the cues. Animals were pre-trained using a 30 s free swim, 30 s on the submerged platform, and two trials to find and remain on the platform for 10 s [33] . If the mouse failed to find the platform within 60 s, it was placed on the hidden platform for 10 s. During training, the animals underwent four trials a day until the average latency for the mice to successfully find the platform was less than 10 s. The day following training to criterion, the probe test was performed to measure spatial memory, in which the platform was removed and the quadrant location of the mouse was recorded for 60 s. Data are reported as the mean ± SEM, for groups of 7 mice per genotype. Latency data were analyzed using a three-way repeated measures ANOVA and probe test data (% time in each quadrant) were analyzed using a threeway ANOVA (SigmaStat). Statistical significance is at the p < 0.05 level.
Cued and contextual fear conditioning test
Separate cohorts of mice were used for the fear conditioning studies. Mice were habituated to the arena equipped with a shock grid floor (TruScan, Coulbourn Instruments, Allentown, PA) for at least 30 min prior to testing and then placed back in the home cage. At the beginning of testing, the mouse was placed in the arena and its movements were recorded for 5 min, in absence of external cues. For each trial, the mouse was exposed to the tone (800 Hz, 80 dB) for 30 s, with the final 2 s of the tone presentation accompanied by a 0.45 mA foot shock, with both tone and shock terminating simultaneously, followed by a 2 min inter-trial interval. After receiving three trials, the mouse was placed back in the home cage and returned to the animal facility. All animal movement was recorded via an automated photobeam tracking system and also visually with a video camcorder.
To measure contextual extinction, the mouse was placed in the exact context as the animal received the conditioning, in absence of the tone cue. For each extinction test, the percent rest time was calculated as a measure of freezing to context over a 5 min trial. Extinction testing occurred at 1, 7 and 14 d after conditioning [17, 34] . Data are reported as the mean ± SEM for percent time spent freezing for a group of 10 mice per genotype. Data were analyzed using a three-way repeated measures ANOVA followed by Holm-Sidak multiple comparisons, if warranted (SigmaStat).
For the cued extinction, animals received the same three tone presentations as in the habituation testing, however the environment was altered. The shock floor was removed, the pattern of visual cues (room view) on the sides of the area was changed to plain white paper, and the arena was washed with lemon scented dish detergent. The animal was placed in the altered arena for 5 min and its movement was recorded (pre-cue). After 5 min, the tone cues were presented for 30 s, followed by a 2 min inter-trial interval. No shock was given. Mice were tested for extinction at 1, 7, and 14 d following the initial conditioning. The percent of rest time was calculated as a measure of freezing to the cue due the 30 s cue presentation. Data are reported as the mean ± SEM for percent time spent freezing for 11 WT, 10 HGF, 10 Plaur, and 10 Plaur/HGF mice. Data were analyzed using a three-way repeated measures ANOVA followed by Holm-Sidak multiple comparisons, if warranted (SigmaStat).
Attentional set-shift task
A separate cohort of mice was used to measure the formation of an attentional set using the previously described lab paradigm [28] . Mice were individually housed and food restricted to reach 85% baseline free-feeding weight. Food deprived mice were trained to perform compound discriminations by digging in bowls of scented media. Intradimensional (ID) shifts required the mouse to learn a new rule with a new exemplar pair, but the same dimension (i.e. odor) was always the relevant cue. For the set-shift (or intradimensional-extradimensional (ID-ED) shift), the relevant dimension for the exemplar pair was switched to be irrelevant, and obtaining the reward then required information from the previously irrelevant dimension [28, 35] . The order of discriminations and exemplars was the same for all mice, but the direction of the extradimensional shift was counterbalanced within each experimental group. A criterion of eight consecutive correct trials was required to complete each task. For each genotype, a cohort of 11 WT, 13 HGF, 13 Plaur, and 11 Plaur/HGF mice was tested. The data required for learning the task were previously reported for the reversal learning portion of the test [16] . Here we report, for the first time, the extradimensional shift data. The data have been reanalyzed using a two-way repeated measures ANOVA (and multiple comparison testing using the Holm-Sidak method) for the extradimensional shift (EDS). A shift-cost was calculated as the difference between the trials to criterion for the EDS and the previous IDS task [36] . Shift-cost data were analyzed using a two-way ANOVA with Student-Newman-Keuls (SNK) post hoc comparisons. Data are reported as the mean numbers of trials to criterion ± SEM. Statistical significance was considered as p < 0.05, and denoted by asterisks or ampersands, as described in each figure legend.
Results
HGF/SF levels alter forebrain interneuron numbers
We have previously reported that the adult Plaur mice have decreased GABAergic interneurons and near complete loss of the PV-expressing (PV + ) cells in anterior cingulate and parietal cortical areas as compared to wildtype (WT) littermates or C57BL/6 parent strain mice [12, 37] . Also, the Plaur mice have a dramatic specific decrease of PV + cells in the OFC, which can be remediated by postnatal supplementation of HGF/SF in the Plaur/HGF mice. We therefore examined whether the interneurons were disrupted in the MFC. Immunohistochemistry for PV in the MFC (prelimbic and infralimbic regions, Fig. 1a ) shows many cells mainly in layers II/III and fewer in layers V/VI in WT mice (Fig. 1b) . The increased expression of HGF/SF leads to more immunoreactive cells overall and a change in expression pattern, with the population equally distributed between layers II/III and V/VI (Fig. 1c) . Plaur mice have a dramatic decrease in PV + cells in all layers (Fig. 1d) , and the addition of postnatal HGF/SF in the Plaur/HGF increases the number of PV + cells (Fig. 1e) , but in the aberrant distribution observed in the HGF mouse.
The numbers of PV + cells in the MFC were estimated using unbiased stereology (Fig. 1f) , and the comparison showed effects with respect to Plaur (F(1,11) MFC PV + interneuron number appears to be highly sensitive to postnatal HGF/SF levels.
Immunohistochemistry for PV demonstrated that WT and Plaur mice had similar numbers and patterns of PV + cells in all hippocampal regions (Fig. 2a, b, and d) . The HGF and Plaur/HGF mice had notable increases in PV + cells, compared to WT mice, but the overall expression patterns of cell distribution were similar for all genotypes (Fig. 2b-e) . Hippocampal volumes were similar for all mice (two-way ANOVA, F(1,17) = 1.55, p = 0.253). Comparison of the stereological estimates of total PV + cells showed an effect of HGF genotype (two-way ANOVA, F(1,17) = 27.284, p < 0.001, Fig. 2f ), but not Plaur genotype (F1,17) = 0.0457, p = 0.834). The expression of HGF in either the HGF or Plaur/HGF mice significantly increased the number of PV + cells (p < 0.01). The number of PV + cells in the Plaur/HGF mice was significantly different from Plaur mice (p = 0.021), but not different from HGF mice (p = 0.368). Overall, the loss of Plaur did not affect the hippocampal PV + interneurons, but the addition of postnatal HGF/SF increased the number of interneurons by two-fold.
Immunohistochemistry for PV + cells in the BLA was similar for all groups of mice ( Fig. 3a-e) . No effect of either Plaur (F(1,12) = 0.334, p = 0.578) or HGF genotype (F(1,12) = 0.00179, p = 0.967) was found (Fig. 3f) . There was no effect of genotype with regards to the BLA volume, F(3,9) = 0.18, p = 0.90. The numbers of PV + interneurons in the BLA were not altered in the mutant mice.
Spatial learning is unchanged with increased levels of HGF/SF
The Morris water maze was used to evaluate spatial memory in the four cohorts of mice. Previous analysis reported normal motor and sensory function and open field activity for all genotypes [12, 13, 29] . All mice reached criterion and were able to find the platform within the 10 s criteria by Day 4 (Fig. 4a ). There was a main effect of training day, (F(3,114) = 39.971, p < 0.001), but no main effect of Plaur (F(1,114) = 1.752, p = 0.189) or HGF genotype, F(1,114) = 0.819, p = 0.368). In the probe test, all groups successfully swam to the quadrant that had previously contained the platform (Fig. 4b) . A main effect of quadrant was observed, (F(3,115) = 28.995, p < 0.001), but no effect of Plaur or HGF genotype was found, (F(1,115) = 0.0173, p = 0.896, for each). In summary, all groups performed the spatial memory tasks similarly.
Abnormal interneuron densities impair extinction of fear conditioning
We investigated whether alterations in the GABAergic interneurons in these structures changed performance. All animals responded to the tone, as demonstrated by increased rest time (freezing time) with repeated paired tone and shock presentations during the conditioning (Fig. 5a ). Three-way repeated measures ANOVA calculated a main effect of condition (F(3,163) = 143.652, p < 0.001), but no effect of either Plaur (F(1,163) experienced more cued foot shocks, although not at the same rate or extent.
Hippocampal function was measured using contextual recall and extinction (Fig. 5b) . There was an effect of day (F(3,160) = 31.368, p < 0.001) but no effect of either Plaur (F(1,160) = 0.834, p = 0.363) or HGF genotype (F(1,160) = 0.0560, p = 0.813). However, a day x HGF genotype interaction was found (F(3,160) = 7.436, p < 0.001). On Day 1, all groups demonstrated percent freezing times that reflected the conditioning trials, demonstrating contextual recall. On Days 7 and 14, the percent-time spent freezing for WT, Plaur and Plaur/HGF mice Cued recall and extinction were altered in all mutant groups (Fig. 5c) . Three-way repeated measures ANOVA demonstrated main effects of trial, (F(9,409) = 11.814, p < 0.001), Plaur (F(1,409) = 23.339, p < 0.001) and HGF genotype, F(1,409) = 6.867, p = 0.009). WT mice extinguished the freezing response on Days 7 and 14 (p < 0.001 for all trials), and Plaur mice showed significant reductions in freezing on Day 7 (Trial 3) and Day 14 (p < 0.05). The HGF and Plaur/HGF groups never demonstrated significant decreases in freezing behaviors, even after 14 days (p > 0.05). In summary, all groups learned the task, WT mice demonstrated extinction by Day 7, and Plaur mice exhibited a delayed response, but groups with an HGF allele never extinguished the fear response.
Formation of an attentional set is impaired in mice with a PV + interneuron deficit
Previously, we have shown that, in mice, reversal learning is mediated through the OFC and is impaired in animals with decreased PV + interneurons [14, 16] and rescued with HGF/SF supplementation [16] . Our lesion studies indicated that the ability to form and shift between attentional sets is dependent upon an intact MFC [28] . The formation of an attentional set was measured by an increase in trials to criterion from the intradimensional shift discrimination to the extradimensional shift discrimination, in which the previously irrelevant dimension was shifted to become relevant (also referred to as the ID-ED shift). The shiftcost measures the difference in trials required for the ID-ED shift [38, 39] . For WT mice, the shift-cost is 6.9 ± 1.7 trials, whereas for the other groups the shift-costs are between 2 and −2 (Fig.  6) . A two-way ANOVA indicated an effect of Plaur genotype, (F(1,46) = 3 .942, p = 0.027), and an interaction between Plaur and HGF genotypes (F(2,46) = 7.175, p = 0.002). Post hoc analysis demonstrated that shift-cost in WT mice was significantly different than HGF (p = 0.012), Plaur (p < 0.001), or Plaur/HGF (p = 0.029). No difference was found between the other groups (p > 0.394). While all mouse groups were able to learn the compound discriminations, only WT mice were able to respond to rule changes by set-shifting.
Discussion
Understanding developmental perturbations of the GABA system have far reaching implications for human mental disorders. Disorders ranging from schizophrenia and autism to epilepsy all have overlapping similarities, especially regarding loss of GABAergic inhibition [1, 40] . In particular, fast-spiking PV + neurons are often decreased [41] [42] [43] [44] [45] . The resulting agreement of behavioral alterations with changes in GABAergic tone in specific forebrain structures indicates any shift away from an optimized normal level of GABA yields cognitive impairments.
Forebrain GABAergic interneurons arise from the ganglionic eminences and migrate to distant targets during the prenatal period [6] [7] [8] [9] . The PV + interneurons that populate the cerebral cortex, hippocampus and dorsal striatum originate from the medial ganglionic eminence during embryonic days 11 through 17 [5, 7, 8] . During the same period, the amygdalar interneurons are born in the caudal ganglionic eminence [6] . Perturbations in the molecules that regulate interneuron number (proliferation or survival), migration or maturation, can have far-reaching and possibly diverse effects on the forebrain populations. The behavioral phenotypes of the perturbations may be mild or severe, depending on the extent each interneuron population is altered.
The Plaur mouse has a delay in embryonic cortical interneuron migration, likely due to diminished levels of HGF/SF in the embryo and at birth [12, 13] . The loss of Plaur leads to fewer PV + interneurons in the rostral cortical regions and striatum [10, 13, 16] . Postnatal replenishing of HGF/SF, with the HGF mouse, restores the interneuron numbers in the striatum and orbital frontal and somatosensory cortical areas in the Plaur/HGF mouse. However, in this study, the addition of HGF/SF yields aberrant PV + interneurons in the MFC (prelimbic and infralimbic areas, Fig. 1 ). We have previously shown that the OFC in the HGF and Plaur/HGF mouse is nearly normal [16] . In this study, the altered anatomy in the MFC provides supporting evidence for MFC and OFC as unique cortical areas in the mouse brain with separate interneuronal ontogenies.
The PV + profiles in the Plaur mouse hippocampus were similar to WT animals, in agreement with previous reports [37] . Mice with the HGF allele had nearly two-fold increase in PV + interneurons in all hippocampal subfields (Fig. 2) . HGF/SF has been widely reported in the hippocampus [46] [47] [48] . The increased peri-and postnatal HGF/SF expression in the HGF and Plaur/HGF mice may have recruited addition PV + interneurons into the hippocampal region. Alternatively, more PV + interneurons may have survived into adulthood. Finally, HGF/SF has been shown to elicit the expression of interneuron markers, such as calbindin, in cultured hippocampal neurons [49] . PV + expression may have been increased in the presence of elevated HGF/SF levels, hence the observed aberrant numbers of immunoreactive cells. In summary, the interneuron profiles in the Plaur forebrain varied based on anatomical 6 . Attentional set-shifting is impaired. (a) All mice were trained on a naturalistic foraging task and the difference in trials needed to reach criterion to complete the extradimensional shift compared to the intradimensional shift was calculated as the shift-cost. Comparisons of the shift-cost for each group demonstrates significant shift-cost for WT mice, the other genotypes are significantly different from WT, as shown by the asterisks (two-way ANOVA, p < 0.05).
structure, and the addition of HGF/SF often increased the numbers of immunoreactive PV + cells.
The neural substrates that mediate the different features of fear conditioning are well-established in the literature [50] . In the tested cohort, cued learning was similar in all genotypes, as expected, given the similar amygdala anatomy. Contextual memory did not differ within the groups, even though the HGF and Plaur/HGF mice presented with nearly two-fold more PV + hippocampal interneurons. Previous studies have indicated that loss of PV + interneuron activity leads to impaired spatial memory [51, 52] . However, cued extinction was impaired in all the mutant genotypes, implying dysfunction of the MFC.
The Plaur mice, with an MFC interneuron deficit, show behavioral responses similar to animals with MFC lesions [53, 54] . By contrast, the overexpression of HGF/SF leads to increased numbers of PV + neurons in MFC and mice that were unable to extinguish the cued responses, even after 2 weeks. The performances of the HGF and Plaur/HGF mice are reminiscent of previous research showing inactivation of MFC on fear conditioning task [55] . It is also noted that the HGF mice had reducing freezing during conditioning, similar to rats with inactivated MFC areas. Mice harboring the HGF allele presented increased aberrant PV + cells, suggesting that both increased inhibition and defective neural connectivity are responsible for the failure to extinguish the fear response. The lack of fear extinction is consistent with MFC dysfunction; however another possibility is that the HGF allele enhanced the retention of the original learning. Taken together, the behavioral responses for the cued learning and extinction were sensitive to developmental manipulations of interneuron profiles.
Lesion and pharmacological studies have indicated the MFC as an integral structure for the shifting of attentional sets (intradimensional/extradimensional, ID-ED shift) and that disruptions lead to increased trials to criterion to perform the task [27, 28, 56] . Only the WT mice were able to demonstrate the ID-ED shift, or a positive shift-cost, whereas mice with fewer PV + interneurons in the MFC (Plaur) or with more PV + cells (HGF and Plaur/HGF) did not require significantly more trials to criterion to solve the problem, and therefore had a very low or negative shift-cost. Lack of shiftcost is interpreted as the inability to form the attentional set, as the animals perform similarly on the ED and ID shifts, indicating that the animals did not attend to the relative dimension [36, [57] [58] [59] . In rat, lesions to the OFC or dorsal medial striatum prevented the formation of the attentional set [36, 57] . In mice, no ID-ED shift was observed in the presence of phencyclidine [60] , or the acetylcholinesterase inhibitor diisopropyl fluorophosphate [61] , or ketamine [62] . Transgenic mice lacking the dopamine D2 receptor or dopamine D3 receptor [63] or expressing COMT-Val variant of catechol-O-methyltransferase [64] also reported lack of formation of the attentional set. Our data with the Plaur, HGF, and Plaur/HGF mice are consistent with other rodent models of compromised behavioral flexibility.
In the studies with excitotoxic lesions and pharmacological perturbations, the underlying anatomy and circuitry are similar between control and experimental groups prior to the manipulations. When considering transgenic mice, in particular those with developmental genetic disruptions, the circuitry may be unique between groups. The changes in interneuron numbers with the combinations of Plaur and HGF alleles likely altered connectivity and overall neurotransmission, as shown by the reported variations of electroencephalogram recordings [13] . Similar differences of circuitry and cellular numbers occur in human patients with neurodevelopmental disorders [41, 42, 65] . These findings indicate that an optimum number of interneurons, or inhibition, is required to form the attentional set, providing a possible explanation of the observed sensitivity to medication in schizophrenic patients' performance on set-shifting tasks.
The inability of the HGF allele to correct the set-shifting deficit in the Plaur mouse is in contrast to the successful strategy which dramatically reduced seizures and anxiety and corrected the anatomical and reversal learning deficits in the Plaur/HGF mouse [13, 16] . The significant anatomical differences in PV + interneuron numbers and locations in the MFC and OFC regions in the transgenic mice provide additional support that unique frontal cortical areas are present in the mouse [66] .
